Abstract: This work combined plasma reactivity and pyrolysis for conversion of solid wastes. Decomposition of refuse derived fuel (RDF) and its combustible components (paper, biomass, and plastic) in an 800 W microwave plasma reactor was investigated at varying argon flow rates of 0.50 to 1.25 lpm for 3 minutes. The characteristic bright light emission of plasma was observed with calculated maximum power density of about 35 W/cm 3 . The RDF and its components were successfully converted into char and combustible gas. The average char yield was found to be 12-21% of the original mass, with a gross calorific value of around 39 MJ/kg. The yield of the product gas was in the range 1.0-1.7 m 3 /kg. The combustible gas generated from the pyrolysis of the RDF contained about 14% H 2 , 66% CO, and 4% CH 4 of the detected gas mass, with a heating value of 11 MJ/m 3 . These products are potentially marketable forms of clean energy.
Introduction
Increased generation of waste is a global environmental issue. Different kinds of waste are generated on a daily basis. The total volumes of solid waste production in the low-, middle-, and high-income countries were approximately 0.4-0.6, 0.5-1.0, and 1.1-5.0 kg/person/day, respectively [1] . The World Bank estimated that the quantity of municipal solid waste (MSW) from the urban areas of Asia would rise from 760 Gg/day in 1999 to 1.8 million Gg/day in 2025. MSW includes wastes produced from commercial, domestic, industrial, institutional, demolition, construction, and municipal services. In Thailand, the total * E-mail: n.tippayawong@yahoo.com MSW production is over 35 Gg/day [2] . The need to manage MSW properly is well recognized. Generally, technological strategies for the disposal of solid wastes in the developing countries can be classified as (i) land filling, (ii) recycling, (iii) incineration, and (iv) waste-to-energy (WTE) conversion. Land filling is considered the simplest and cheapest of disposal methods. Recycling is the sorting of the wastes to recover materials that are recyclable, fermentable, or combustible. Incineration is described as thermal treatment for reducing the mass and volume of the wastes. A high temperature is employed for the combustion process. The energy utilized may be recovered from the process. WTE conversion is the utilization of solid waste for generation of energy and electricity [2] . The WTE conversion is an extremely attractive option. It refers to any waste treatment that generates energy in the form of electricity or heat from a waste source as well as energy byproducts, such as synthesis gas, liquid fuel, and char. At present, the WTE technologies consist of many conversion methods, such as physical, thermochemical, and biochemical. Physical conversion is a basic technology involving various processes to improve the physical properties of waste. Hazardous waste, metal, and other incombustible matters can be removed. The remaining combustible fraction of the waste is subsequently dried, size-reduced, and compacted into fuel pellets. Refuse-derived fuel (RDF) is the main product from the physical conversion process. In the low-and middle-income countries, the composition of the mechanically separated MSW consists of 30% paper, 50% biomass, and 20% plastic [1] . It has low moisture content, improved calorific value, and uniform size. Thermochemical conversion is a technology of choice for the utilization of RDF. It includes combustion, gasification, and pyrolysis. Direct combustion of waste with energy recovery is the most common process of WTE implementation, although this method normally yields low energy efficiency. Pyrolysis/gasification is a thermochemical process in an oxygen-starved environment at relatively high temperatures (> 500
• C), transforming waste into liquid and gaseous fuels as well as char. The product gas contains H 2 and CO; this is a key advantage as these can be further used in a variety of applications such as combustion in a turbine or engine, in heat and power generation, or for use in fuel cells [3] . The plasmochemical, or plasma-processing, method is relatively new. It offers advantages over the conventional thermochemical processes such as fast heating, ease of control, and low power consumption. The thermal and chemical properties of plasma are synergized with the pyrolysis and gasification process. It has been claimed that this process will interrupt the formation of dioxins, kill bacteria, and have organic materials converted to gases at more than 99% conversion efficiency [4] [5] [6] . There is a large body of research work on the pyrolysis of solid wastes and RDF [7] [8] [9] [10] [11] [12] . Increasing attention has recently been paid to the plasma process [13] [14] [15] [16] [17] [18] [19] [20] [21] . Plasma is the fourth state of matter, comprising energetic electrons, ions, and neutral particles. The degree of ionization of plasma is proportional to atoms that have lost or gained electrons. Two basic types of plasma are employed for industrial processes: thermal and nonthermal [21, 22] . Plasma-assisted conversion processes can generate high product gas quality as compared to conventional thermochemical conversion methods such as pyrolysis and gasification. There are many ways to generate plasma. Most published reports detail the use of high-powered thermal plasma to convert biomass materials, however, the equipment required can be prohibitively expensive to set up and operate. Microwave plasma is an interesting alternative in that it can be generated using a 2.45 GHz magnetron from commercial microwave ovens. It is simple, economical, easy to control, and requires relatively low power input [22] [23] [24] . So far, the studies on plasmochemical conversion using microwave plasma have been few and far between [14, 19, 20, [25] [26] [27] [28] . Those that focused on solid waste were very few. Among the notable works is the study conducted by Lupa et al. [14, 26] , investigating the microwave plasma pyrolysis of waste. The gas evolution was found to peak at approximately 200 s of the reaction time. CO was the most abundant gas species in the product gas. It was reported that feedstock with high oxygen composition increased the heavier gas species in the product gas, such as CO, CO 2 , and H 2 O, as a result of oxidation. It is clear that plasma-assisted thermal conversion is a potential alternative technology to utilize solid wastes for energy application. However, there remains a big knowledge gap on the effect of microwave plasma on fuel gas and char production. To date, literature on plasmochemical conversion of RDF has been rare. In this study, three major combustible fractions of the MSW were investigated, both as single component and in the form of RDF. A microwave oven was modified for use as the direct-contact plasma pyrolysis reactor [19] . The plasma generated was used to convert the feedstock into the fuel gas and char. Investigation on the effect of the carrier gas flow rate on the plasma characteristics, such as plasma temperature, discharge length, and power density, was carried out. The evolution and composition of the char and fuel gas obtained from the pyrolysis of each feedstock were investigated. Product yields, carbon conversion efficiency, and calorific value were calculated and compared with relevant literature.
Materials and Methods

Feedstock
In this study, the main combustible fractions of the MSW (paper, biomass, and plastic) were investigated, as single component and in the form of RDF. Raw materials were obtained locally from the same source: (i) office paper was chosen as a representative of the paper fraction, (ii) bamboo was chosen as a representative of the biomass fraction, and (iii) polyethylene (PE) taken from transparent plastic bottles was chosen to represent the plastic fraction. While data for PE was taken from a published report [12] , the proximate analyses of the RDF, its other components, and chars were carried out in this work by the thermogravimetric method using a Perkin Elmer, model TGA7 instrument. The ultimate analyses were carried out by dynamic flash combustion method using a ThermoQuest, model Flash EA 1112 CHNS-O analyzer. The results of the compositional analyses of the RDF and its main components are summarized in Table 1 . In the pyrolysis experiments, bamboo and PE were made into small pieces with a diameter of 2 mm and a length of 20 mm. A number of bamboo and PE pieces were banded using wires. Paper was mashed, and compacted into a cylindrical mold of diameter 20 mm and length 40 mm, after drying in an oven at 90
• C for 48 h. The simulated RDF consisted of 30% paper, 20% PE, and 50% bamboo. All of the raw materials were mashed, mixed, and compacted into a cylindrical mold 20 mm in diameter and 40 mm in length, after drying in an oven at 90
• C for 48 h. Each sample mass was about 5 ± 0.1 g.
Experimental apparatus and procedure
The experimental setup is shown schematically in Figure  1 . It consists of a plasma reactor, and a gas cooling and cleaning unit. A commercial microwave oven was modified into a plasma generator system. A quartz reactor tube with internal and external diameters of 27 and 30 mm, and length of 250 mm was installed vertically at the central cavity of the oven. The unit was cooled using a water cooling system. Microwave power of 800 W was supplied by a 2.45 GHz magnetron. A stainless steel wire was used as a hanger for the feedstock tested. The plasma generated inside the reactor tube was initiated from the electromagnetic stress concentration at the wire tip, inducing the carrier gas into the ionized phase. Prior to each test run, the reactor system was vacuumed to ensure absence of air. Argon was used as the carrier gas. It is a relatively cheap, stable, and long-living ion stabilizer and reported to enlarge electron density [29] . The carrier gas was fed at the bottom of the reactor to purge oxygen in all the systems, including the reactor tube, pipeline, and the gas treatment unit. The argon flow rate was kept varying between 0.50 and 1.25 lpm. It was fed tangentially as a swirling flow to confine the plasma flame and increase the residence time within the reactor. The feedstock was placed into the center of the quartz tube, direct to the aperture of the wave guide in the oven cavity. Once the power was switched on, the discharge took place inside the reaction tube, engulfed the feedstock, and converted it into pyrolysis products. The product gas flowed out at the top of the reactor tube and through the gas treatment unit. After the treatment, the product gas was sampled using a Restek multi-layer foil gas sampling bag for the subsequent gas chromatographic analysis. Tar in the gas product was collected in a wet type tar trap using a series of isopropanal tubes placed in an ice bath. Moisture was removed in a silica gel chamber. After 3 minutes of reaction, the solid residue was carefully collected, weighed, and sent for analyses.
Analysis
The plasma characteristics, including temperature, discharge length, and volume, as well as power density, were evaluated. The plasma temperature was measured indirectly using a thermocouple placed at a distance of 20 mm downstream of the discharge zone inside the quartz tube. The discharge length was measured from the discharge images captured by a digital camera. The discharge volume was calculated from its length multiplied by a cross section area of the reaction tube. The power density was defined as the ratio between the input microwave power and the discharge volume. The product gas was analyzed for its composition using a Shimadzu model GC-8A gas chromatography, fitted with a Micropacked column model ShinCarbon ST 80/100 mesh and a TCD. The analyzer was able to measure the molar fractions of H 2 , O 2 , N 2 , CH 4 , CO, and CO 2 . An operational column temperature of 40oC and a detector temperature of 70 • C were used. The results were processed via a C-R8A chromatopac data processor. The Restek pure gases and mixtures standard model Scotty 14 were used as standard gas for quantitative calibration. For data processing, the higher heating value (HHV) of the solid material was calculated from its contents [30] as
where C and H are the concentrations of carbon and hydrogen in the material (% w/w). Char yield was defined as the ratio of the mass of the obtained char to the original mass of the feedstock:
The product gas yield was calculated from the volume of gas generated and the reacted original mass of feedstock [22] as
The lower heating value (LHV) of the product gas was defined as the summation of the corresponding heating values of H 2 , CO, and CH 4 [22] :
Carbon conversion efficiency was defined as the ratio between the carbon in the gaseous fuel and the carbon in the feedstock:
where Q is the volume of the product gas generated (Nm 3 ), mf is the original mass of the feedstock (kg), mchar is the mass of the obtained char (kg), Af is the ash content in the feedstock (% w/w), and C is the carbon content in the feedstock (% w/w).
Results and Discussion
Plasma characteristics
With power on and an absence of the feedstock, a bright light emission in the form of pinkish plasma flame was observed in the quartz tube. For different carrier gas flow rates, the post plasma temperature 20 mm away from the top of discharge zone inside the quartz tube was found to be about 600 to 1100
• C. The plasma stream was established and stabilized inside the reaction tube with a cross section area of 5.7 cm 2 . The discharge length was estimated to be in the range of 45-70 mm. For the range of flow rates considered, the residence time, defined as the plasma volume divided by the respective flow rate, was between 1.9 and 2.8 s. The calculated power densities were in the range 19.5-34.9 W/cm 3 . A summary of the plasma characteristics under variable flow rates is given in Table  2 . The post plasma temperature showed an initial rise with increasing carrier gas flow rate, reaching the maximum at about 1100
• C for 0.75 lpm of the argon flow rate. At the lowest flow rate, the plasma with the short discharge length was generated. Hence, its volume, rate of electron collision, and energetic particle concentration were small. As the flow increased, more molecules were available for excitation; hence, evidently, there were more energetic particles, until the optimum point was reached. Further increases in the argon supply led to a drop in the temperature. The observed decline in the post plasma temperature may be attributed to the fact that, at higher flow rates, the discharge length and volume were increased, leading to reduction in the power density and residence time. At very high flow rates, the plasma generated may become non-stabilized. Breakdown of the electromagnetic field was occasionally observed as a result of the plasma temperature changes. With the presence of the feedstock, a bluish yellow flame was observed at the start of the conversion process. This may be due to partial oxidation and release of volatile matter from the feedstock.
Pyrolysis product characteristics
The details regarding the yields of char and gas products as well as gas calorific value and carbon conversion efficiency from the pyrolysis of paper, biomass, plastic, and RDF are listed in Table 3 . The char characteristics and yield are important in evaluating the performance of the reactor. It was found that the average char yields were about 21, 12, 18, and 16% for paper, biomass, plastic, and RDF, respectively. Even through plastic showed the highest remaining solid residue, a close examination of the inner residue revealed that a major bulk of its mass had remained unreacted. A longer reaction time may be needed for the plastic sample. Nonetheless, successful carbonization appeared to have occurred for the other feed materials. A compositional analyses of the chars from the paper, biomass, and RDF (Table 4) showed significant increases in the carbon and energetic content, compared to their original proximate and ultimate composition. This was a clear indication of the high degree of carbonization that had taken place. A marked decrease in volatile matter was indicative of the high conversion of the organic materials into the gaseous phase. From Table 3 , it can be observed that the average gas yields were in the range between 1.0 and 1.7 m 3 /kg. Bamboo was found to give the highest gas yield, while PE the lowest. This observation was true for the carbon conversion efficiency, as well. Nonetheless, the calorific values of these gas products were of similar magnitude, ranging between 10.1 and 11.1 MJ/m 3 . Within the range of the argon flow rates considered, a change in the carrier gas supply did not affect the yields of the pyrolysis products significantly. However, the optimum flow rate was 0.75 lpm, where the highest gas calorific value and carbon conversion efficiency were obtained. The post plasma temperature was also observed to be the maximum at this flow rate. The product gas distribution is detailed in Figures 2 to 5 , which show the effect of the carrier gas flow rate on the evolution of H 2 , CO, CH 4 , and CO 2 , re- spectively. The mean values are shown with error bars indicating the standard deviation. From the results obtained, it can be seen that H 2 and CO were by far the largest components. The volume of CH 4 was about 2-4% only. In this study, H 2 was produced from the use of paper, biomass, plastic, and RDF in volumes of about 24, 22, 10, and 14%, respectively. CO was the most abundant combustible fraction of the product gas. It was found to be in the range of 56-73%. Within the range of the flow rates considered, the average total content of the combustible fractions in the product gas of all feedstock was about 80%, showing similar patterns of variation. Changes in the combustible gas components with the argon flow rate were more noticeable for the paper and biomass samples. In the plastic sample, CO was found to be the major component, more than all the other components combined. The evolution of the product gas from the RDF pyrolysis was observed to fall between these two groups. For all feed materials, H 2 and CO appeared to initially increase with increasing argon flow, reaching the maximum value at the flow rate of 0.75 lpm, after which their contents dropped at higher gas supply rates. The patterns were similar to those observed for the post plasma temperature. The reasons for this may be related to the concentration of the energetic particles in the discharge zone and the resulting temperature evolution. However, it is not yet conclusive as to how the presence of each material and its property might affect the generation of plasma from the carrier gas.
Comparison with literature
The details regarding the char and product gas obtained from the plasma-assisted pyrolysis of paper, biomass, plastic, and RDF in this analysis were compared with those obtained from the other types of feedstock and plasma sources and conditions. The comparison is given Microwave plasma rice husk 33.4 21.6 [27] Microwave plasma cane residue 25.5 27.8 [31] DC arc plasma rice straw 7.5-13.8 - Figure 3 . The variation in the CO evolution with the carrier gas flow rate and the type of feedstock.
in Tables 5 and 6 for the char and the product gas, respectively. When compared to the microwave plasma pyrolysis of sawdust [6] , rice husk, and cane [26] , the char yields obtained in this work were smaller, but with higher calorific value. With the DC arc plasma, the quantity of the reported char yields varied markedly between the raw materials used. In the gas product, the gas heating values were found to be similar in magnitude to those reported in the literature. 
Conclusion
In this work, the plasma-assisted pyrolysis of the RDF and its components were investigated in a microwave reactor. The effects of the varying carrier gas flow rate on the plasma characteristics and the pyrolysis products were evaluated. With the exception of the plastic sample, significant degrees of volatile release and carbonization appeared to take place for all raw materials under the plasma environment. The average char yield of the RDF and its calorific value were 16% and 39 MJ/kg, respectively. The average total content of the combustible fractions in the product gas for all feed materials was about 80%. The major components of the product gas generated were H 2 RF plasma sawdust 8.5 11.0 1.5 4.0 2.8 [13] DC arc plasma MSW 43.5 34.5 0.01 0.03 9.0 [14] Microwave plasma mixed waste -55.7 0.7 26.9 15.0 [20] Microwave plasma PE 14.0 26.0 6.0 12.0 6.9 [26] Microwave plasma waste wood 0.0 56.9 0.5 33.8 7.3 Figure 5 . The variation in the CO2 evolution with the carrier gas flow rate and the type of feedstock.
and CO. They were found to initially increase with increasing argon flow, reaching the maximum value at the optimum flow rate of 0.75 lpm. At this flow rate, the use of RDF generated about 14% of H 2 , 56% of CO, and 4% of CH 4 . The heating value and yield of the product gas from the pyrolysis of the RDF were 11.1 MJ/m 3 and 1.0 m 3 /kg, respectively. The calorific value obtained was consistent with the other pyrolysis studies. The process offered interesting alternatives for the utilization of solid wastes for the purpose of char and fuel gas production.
